Noonan syndrome (NS), Costello syndrome (CS), cardiofaciocutaneous syndrome (CFCS), and LEOPARD syndrome (now also referred to as Noonan syndrome with multiple lentigines or NSML) are clinically overlapping dominant disorders that are caused by mutations in RAS signaling pathway genes. The spectrum of cancer susceptibility in this group of disorders has not been studied in detail. We identified more than 1900 cases of NS, CS, CFCS, or NSML reported in the literature between 1937 to 2010; eighty-eight cancers were reported. The most common cancers reported in 1051 NS subjects were neuroblastoma (n=8), acute lymphoblastic leukemia (n=8), low grade glioma (n=6), and rhabdomyosarcoma (n=6). These associations are biologically plausible, given that somatic RAS pathway mutations are known to occur in these specific cancers. In addition, 40 childhood cases of myeloproliferative disease were described in individuals with NS, several of whom experienced a benign course of this hematologic condition. We confirmed the previously-described association between CS and cancer in 268 reported individuals: 19 had rhabdomyosarcoma, 4 had bladder cancer, and 5 had neuroblastoma. By age 20, the cumulative incidence of cancer was approximately 4% for NS and 15% for CS; both syndromes had a cancer incidence peak in childhood. The cancers described in CFCS and NSML overlapped with those reported in NS and CS. Future epidemiologic studies will be required to confirm the described cancer spectrum and to estimate precise cancer risks.
INTRODUCTION
Noonan syndrome (NS, OMIM 163950) is a dominant disorder characterized by short stature, distinct facial features, developmental delay, congenital heart defects and other abnormalities (reviewed in [Romano et al., 2010] ). The disorder overlaps clinically with Costello syndrome (CS, OMIM 218040), cardiofaciocutaneous syndrome (CFCS, OMIM 115150), Noonan syndrome with multiple lentigines (NSML, formerly referred to as LEOPARD syndrome: OMIM 151100), neurofibromatosis type 1 (NF1, OMIM 162200), and Legius syndrome (OMIM 611431) [reviewed in [Zenker, 2009] .
NS is genetically heterogeneous: germline mutations in the PTPN11, SOS1, KRAS, NRAS, RAF1, BRAF, SHOC2, or MEK1 genes are identified in 70%-75% of affected individuals. Moreover, CBL mutations cause a NS-like phenotype. Almost all patients with CS harbor germline mutations in HRAS, while CFCS is caused by mutations in BRAF, MEK1, or MEK2. NSML is caused by germline mutations in PTPN11, BRAF, or RAF1. All these causative genes encode signaling molecules within the RAS signaling pathway, and have, therefore, been referred to as "the RASopathies" [Martinelli et al., 2010; Niemeyer et al., 2010; Tartaglia and Gelb, 2010] . Note that different mutations in PTPN11, KRAS, BRAF, RAF1, and MEK1 cause more than one of these RASopathies.
The RAS signaling pathway is a major contributor to carcinogenesis, and somatic mutations in PTPN11, KRAS, NRAS, BRAF, and CBL occur in a broad range of malignancies [Downward, 2006; Makishima et al., 2009; Schubbert et al., 2007] . Therefore, it is not surprising that several of the RASopathies have been associated with cancer. However, the cancer rates and spectrum in patients with NS, CFCS, CS, and NSML have not been studied systematically [Hasle, 2009; Kratz, 2009] . It is well documented in case reports and small case series that NS is associated with an often transient myeloproliferative syndrome (MPD) of early childhood resembling juvenile myelomonocytic leukemia (JMML) [Bader-Meunier et al., 1997; Kratz et al., 2005] . Several other reports indicate that patients with CS are at increased risk of developing embryonic rhabdomyosarcoma (RMS), neuroblastoma, and bladder cancer [Gripp, 2005; Gripp et al., 2002] . Despite these associations, the magnitude of the cancer risk in individuals with these syndromes is unknown.
This report includes an examination of all identified cases of NS, CS, CFCS and NSML published between 1937 (the earliest identified report) and October 2010, and describes the types and frequencies of cancers that occur in these disorders. Our analysis suggested modest associations between NS and neuroblastoma, acute leukemia, low grade glioma, and RMS. We confirmed the previously described excess of RMS, bladder cancer and neuroblastoma in patients with CS. We estimated that the cancer hazard rate and cumulative incidence was substantially higher in CS than in NS and observed a childhood cancer peak in both syndromes. The cancer types observed in CFCS and NSML overlapped with those observed in NS and CS.
METHODS
We adopted a search strategy that has recently been employed for dyskeratosis congenita, another inherited cancer susceptibility condition [Alter et al., 2009] . In brief, the medical literature was searched for reports on patients with NS, CS, CFCS, or NSML, employing PubMed, using the search terms "Noonan syndrome or Noonan's syndrome", "Costello syndrome", "CFC syndrome, cardio-facio-cutaneous syndrome, cardio-facio-cuteneous syndrome, or cardiofacio cutaneous syndrome" and "LEOPARD syndrome or LEOPARD," supplemented by review of the bibliographies of each article. Cases were accepted if the reports provided sufficient diagnostic clinical information, and/or the patients had mutations in any of the genes associated with these syndromes. Cases of cancer as defined by the original authors were accepted without verification. Duplicate reports were identified by matching descriptions in the publications or by prior citations. Data for cancer in the general population came from the United States Cancer Registry Surveillance, Epidemiology and End Results (SEER) database [SEER, 2000 [SEER, -2007 . Information for individual literature cases was entered into Microsoft Excel (Microsoft, Redmond, WA, USA) spreadsheets.
Data included demographics, physical manifestations of NS, CS, CFCS, or NSML, age at onset of cancer, type of cancer, age at death, and last known age alive. Cause-specific hazards and cumulative incidence curves accounting for competing risks for cancer and death prior to cancer were calculated as described previously using MATLAB [Rosenberg et al., 2003] . Cases were censored if the patients died or follow-up ended before the development of cancer. The outcomes of interest were cancer or death.
RESULTS
Our search strategy led to the compilation of 892 suitable publications describing 1941 cases contributing 23,756 person-years with sufficient information for this analysis (Table I) . Of the 1941 patients, 87 had 88 cancers (excluding MPDs), for crude rates of 3.8% (NS), 10.8% (CS), 3.5% (CFCS) and 1.6% (NSML) of reported cases (references for patients with cancer or MPD: Online Supplementary file).
Forty-six cases of cancer were reported in 45 subjects with NS (Table II) : There were 8 patients with neuroblastoma and 8 with acute lymphoblastic leukemia. The next most frequent neoplasms were 6 with glioma (1 with low-grade hypothalamic glioma, 1 with leptomeningeal dissemination of a low-grade mixed glioneuronal tumor, 1 with bilateral optic nerve pathway gliomas -this patient had deleterious mutations in 2 genes, PTPN11 and NF1, 2 with pilocytic astrocytoma [PA], 1 with glioma unclassified); 6 with RMS (1 botryoid, 5 embryonal); 3 with acute myeloid leukemia (including 1 therapy-related leukemia); 3 with testicular cancer (1 embryonal cell carcinoma, 1 seminoma, 1 Sertoli cell tumor); 2 with non-Hodgkin lymphoma; and 2 with colon cancer. There were single reports of Wilms tumor, hepatoblastoma, Hodgkin disease, chronic myelomonocytic leukemia, chronic lymphocytic leukemia, breast cancer, malignant schwannoma, and bile duct cancer. The ages of the patients at the time of cancer diagnosis were comparable to the ages expected for sporadic cancers.
We also identified 40 cases of NS (or Noonan-like syndrome) associated MPD in the literature. The disease had a benign course in 16 (40%) and an aggressive course in 6 (15%) cases. Twelve patients underwent hematopoietic bone marrow transplantation. Follow-up information was not available in the remaining cases. Two additional cases of MPD have been described, one in NSML and one in CFCS.
Twenty-nine cases of cancer were reported in 29 subjects with CS (Table II) : There were 19 RMS at a median age of 2.3 years (9 embryonal RMS, 1 alveolar RMS, 1 mixed histology, 1 pleomorphic RMS, 1 spindle cell type, and 6 with RMS unclassified). The next most frequent neoplasms were: neuroblastoma (n=5, including 4 with ganglioneuroblastoma); bladder cancer (n=4, including 3 with transitional cell carcinoma, 1 with low-grade papillary bladder carcinoma); and fibrosarcoma (n=1). The ages of the patients at the time of diagnosis of bladder cancer were substantially younger (mean=13.5 years) than the ages expected for sporadic cancers (mean=73 years).
Eight cases of cancer were reported in 8 subjects with CFCS (Table II) : There were 4 acute lymphoblastic leukemias. The next most frequent neoplasms were non-Hodgkin lymphoma (n=2); hepatoblastoma (n=1); and embryonal RMS (n=1; there has been debate in the literature whether this patient with RMS had CS rather than CFCS). Five cases of cancer were reported in 5 subjects with NSML (Table II) , including 2 acute myeloid leukemias; 1 acute lymphoblastic leukemia; 1 neuroblastoma; and 1 melanoma.
For NS, the cumulative incidence of cancer by age 20 years was 4% (95% CI: 3% -6%) versus 10% (95% CI: 7 -12%) for cancer-free death [ Figure 1a] . Hence, 14% of NS subjects had developed a cancer or died prior to developing one by age 20 years. Noonan syndrome associated MPDs were excluded from this analysis because of their often benign course. For CS, the corresponding cumulative incidences were 15% (95% CI: 10 -21%) and 12% (95% CI: 8 -16%), respectively, and 27% had developed cancer or died [Fig 1b] . For NS, the annual cause-specific hazard (incidence rate per year among subjects who are still susceptible) of cancer showed an early peak during infancy of approximately 0.6%/year (with a large margin of error) [ Figure 1c ]. Subsequently, the cancer risk was stable at 0.25%/year (also with a large margin of error).
For CS, the cause-specific cancer hazard also showed an early childhood peak of ~2-3%/ year (also with a large margin of error) prior to the age of 5 years. Subsequently, the cancer risk was stable at around 0.7%/year (also with a large margin of error) [Fig 1d] . Note that the early childhood cancer hazard appears to be greater for CS than NS [Fig 1c, d ] due to the high risk of RMS in young children with CS.
DISCUSSION
This is the first comprehensive review with identification of most literature cases of NS, CS, CFCS or NSML and quantitative analysis of annual hazard rates and cumulative incidences of cancer and cancer-free death. The most common cancers in NS were neuroblastoma, low grade glioma (e.g., PA), RMS, and acute leukemia. These associations are biologically plausible as RAS pathway mutations are known to be relevant at the somatic level in all 4 malignancies. Somatic NRAS or PTPN11 mutations occur at low frequencies in neuroblastoma [Bentires-Alj et al., 2004; Moley et al., 1991] . Pilocytic astocytoma is strongly associated with neurofibromatosis type 1 (~15% of cases in early-to-mid childhood), a RASopathy that is caused by germline mutations in the NF1 gene coding for the negative RAS regulator neurofibromin. Moreover, the majority of sporadic PA harbor a somatic tandem duplication leading to a rearrangement of BRAF, a RAS effector gene [Jones et al., 2008; Pfister et al., 2008] . Somatic mutations in NRAS, KRAS, or PTPN11 occur in both acute lymphoblastic and myeloid leukemia [Case et al., 2008; Tartaglia et al., 2004; Tartaglia et al., 2005] . It is noteworthy that two patients with NS and leukemia displayed loss of the wild-type PTPN11 allele in tumor cells [Chantrain et al., 2007; Karow et al., 2007] , providing additional evidence for the hypothesis that the germline mutations were involved in the pathogenesis of these leukemias. Finally, somatic RAS pathway mutations are a common event in embryonal RMS Martinelli et al., 2009] .
The most common cancers in CS were RMS, neuroblastoma, and bladder cancer. Somatic mutations in HRAS have been shown to play a role in the pathogenesis of embryonal RMS, which is the most common type associated with CS . The HRAS gene is located on chromosome 11p15, a region that shows uniparental isodisomy (UPD) in both sporadic and CS associated embryonal RMS . We speculate that a germline mutation in HRAS may provide a growth advantage to cells that also acquire UPD of this chromosomal region, thus promoting RMS formation. In addition, somatic HRAS mutations are a major event in sporadic bladder cancer [Jebar et al., 2005] , providing one possible explanation for why these tumors occur in subjects with CS. It is of note that epithelial bladder cancer is almost never observed in children; CS is the only known genetic condition that predisposes individuals to bladder carcinoma at a young age. The observation that no leukemias were observed in patients with CS may be due to the fact that HRAS plays a minor role in these malignancies [Schubbert et al., 2007] .
The number of cancers identified in patients with CFCS and NSML were too small to draw conclusions. However, based on the observation that the cancer types observed in CFCS and NSML overlap with those observed in the other syndromes (Table II) , we hypothesize that the germline mutations contributed to CFCS-and NSML-associated malignancies. Studies with larger sample sizes will be needed to further clarify this possibility.
For both CS and NS, there was an early-childhood peak in cancer incidence, followed by stable rates of cancer thereafter. The cancer rate was higher in CS than in NS. This is consistent with biochemical evidence that the CS mutations exhibit stronger biological effects and overlap with somatic mutations observed in certain cancers [Schubbert et al., 2007] . In both cohorts, there was also a considerable risk of death in the absence of cancer (e.g., death due to cardiomyopathy or respiratory failure). It is not known whether these mortality rates from literature review reflect the contemporary experience.
Using published literature as the source of epidemiologic data to assess cancer risk in patients with RASopathies has major inherent limitations including publication bias and diagnostic drift. Publication bias can result in overestimation of risk, due to over-reporting of cases with cancer and under-reporting of cases without cancer [Alter et al., 2009] . Recognition of NS, CS, CFCS, or NSML in patients with or without cancer may be limited to the subsets with a more severe phenotype, and thus, cases occurring in persons with a milder phenotype may be overlooked. Many of the reports did not include all the details required to confirm the syndrome diagnosis; for this analysis, we accepted the classification provided by the authors.
Another limitation of the literature is the possibility that duplicated reports could not be identified as such. In addition, the malignancies could not be independently validated. Finally, diagnostic conventions related to the syndromes may have changed over time, so that the case reports represent a different mixture over time of the true underlying disorders. For example, molecular confirmation of the syndromic diagnoses became available only within the last decade, and mutation results were reported in a small fraction of cases reviewed here. Despite all these limitations, the literature provides important information on the spectrum of cancers in patients with genetic conditions, and estimates of relative frequencies and ages [Alter et al., 2009] . For example, prior literature reviews have been informative regarding the recognition that cancer is an important feature of CS [Gripp, 2005; Gripp et al., 2002] .
CONCLUSIONS
The evidence suggests that NS and CS (and possibly CFCS and NSML) are truly cancerprone syndromes; the magnitude of the cancer risk is greater in CS than in NS; and the types of cancer partially overlap. Validation of these results is needed and definitive estimates of cancer risk will emerge as prospective syndrome-specific cohorts are assembled, analyzed, and followed. The development of cohort studies for these conditions that prospectively enroll patients and follow them over time in conjunction with biobanks will be invaluable in the next iteration of cancer predisposition in the RASopathies. Although there is no data in support of a cancer screening program for patients with RASopathies our finding may lead to an increased clinical awareness.
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